Abstract. Histone deacetylases (HDACs) are important in chromatin remodeling and epigenetic regulation of gene expression. Histone deacetylase inhibitors (HDACi) have highly effective anti-metastatic and anti-angiogenic activity in various types of cancer, while the molecular mechanisms involved in this process are not fully understood. In the present study, trichostatin A (TSA), a HDACi, was found to suppress MCF-7 breast carcinoma cell invasion and upregulate TET1 expression in a dose-dependent manner. TET1, a dioxygenase involved in cytosine demethylation, is downregulated during breast cancer progression. TET1 knockdown in MCF-7 cells facilitates cell invasion, inhibits the expression of tissue inhibitors of metalloproteinase 2/3 (TIMP2/3) and promotes matrix metalloproteinases (MMP) 2/9 transcriptional activity. Importantly, TET1 depletion impaired the inhibitory effect of TSA on breast cancer cell invasion. Together, these results illustrated a mechanism by which TET1 partially mediates HDACi elicited suppression of breast cancer invasion.
Introduction
Tumor invasion and metastasis are the main characteristics of various types of aggressive human cancer, including breast cancer (1) . Cell invasion is one of the initiation steps for the metastatic cascade, during which cancer cells migrate through the extracellular matrix from the primary tumor, which is associated with the upregulated expression of matrix metalloproteinases (MMPs) (2) (3) (4) . Therefore, it is important to elucidate the mechanisms underlying cancer invasion.
Histone acetylation status regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs) is important in the regulation of gene expression by affecting chromatin structure and accessibility (5, 6) . HDACs are recruited to DNA-bound transcription factors resulting in the removal of acetyl groups from nucleosomal histones or directly interact with transcription factors to modulate gene expression (7) (8) (9) (10) . HDAC inhibition leads to the accumulation of acetylation in histones and transcription factors, and specifically programmed gene expression patterns (11, 12) .
In humans, the reduction of histone acetylation is significantly associated with tumor progression and invasion (13) . Emerging evidence indicates that histone deacetylase inhibitors (HDACi) induce growth inhibition, cell cycle arrest and programmed cell death in diverse cancer cells (14, 15) . HDACi treatment upregulates the expression of suppressors of metastasis and downregulates invasion-promoting genes, resulting in the repression of cancer cell invasion and metastasis (16) . HDAC inhibition is emerging as a potential strategy for cancer therapy and several HDACi have been developed for clinical trials in patients with solid malignancies (17) . Trichostatin A (TSA), a non-competitive reversible inhibitor of HDAC activity, has been reported to inhibit cancer invasion and metastasis in vivo and in vitro (18) (19) (20) . HDACi modulate cancer progression through affecting the acetylation of histone and non-histone proteins to reactivate the transcription of differential target genes. It has been proposed that TSA upregulates RECK to suppress MMP2 activation and cancer cell invasion (21) . Therefore, it is important to investigate the targets of HDACi in order to elucidate the molecular mechanisms underlying HDACi elicited phenotypes.
In the present study, TSA was observed to inhibit cell invasion in MCF-7 breast cancer cells. Furthermore, the expression of tissue inhibitors of metalloproteinase 2/3 (TIMP2/3) was TET1 partially mediates HDAC inhibitor-induced suppression of breast cancer invasion upregulated and the expression of MMP2/9 was decreased by TSA treatment. Notably, TIMP2/3 and MMP2/9 have been revealed as targets of TET1 in prostate and breast cancer invasion (22) . Additionally, tumor development is associated with a decrease in TET expression and 5-methylcytosine hydroxylation (23) . TIMP2 and TET1 consistently demonstrated downregulation during breast cancer progression in vivo. Our hypothesis was that TET1 may be one of the targets of HDACi in breast cancer invasion. As expected, TET1 was upregulated by TSA stimulation and TET1 knockdown facilitated breast cancer cell invasion. Importantly, TET1 depletion impaired TSA induced suppression of cell invasion, suggesting that TET1 may act as one of the HDACi targets partially mediating TSA elicited anti-cancer activity.
Materials and methods
Patient samples and cell culture. The present study was approved by the ethics committee of Shanghai Tongren Hospital (Shanghai, China), and written informed consent was obtained from all participants prior to the study. A total of 61 cancer specimens from breast cancer patients from stages I to IV were collected and the conditions of these patients are summarized in Table I . Samples were individually fresh-frozen in TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). All patients were histologically examined at Shanghai Tongren Hospital (Shanghai, China) and written informed consent was obtained from all study participants. Breast cancer MCF-7 cells were cultured in RPMI-1640 medium (Invitrogen Life Technologies) supplemented with 10% fetal calf serum at 37˚C and 5% CO 2 . TSA dissolved in DMSO was applied in the present study with the indicated concentrations.
Wound-healing assay. Wound healing was performed as previously described in 12-well plates (24) . Briefly, after MCF-7 cells grew to >90% confluence, a wound was introduced using a 200 µl pipette tip. Subsequently, the cells were washed once with PBS and then incubated at 37˚C and 5% CO 2 . Wound closure was monitored over an indicated time period and images were captured at the four intersecting edges of the cross. Wound width at 0 and 24 or 36 h was measured and the difference plotted as the percentage of wound closure.
Quantitative real-time PCR (qRT-PCR).
Total RNA was extracted from MCF-7 cells or cancer tissues using TRIzol reagent (Invitrogen Life Technologies). For each sample, 2.5 or 5 µg of total RNA was reverse transcribed using the QuantiTect Reverse Transcription kit (Qiagen, Hilden, Germany). The cDNA product was then quantified by SYBR-Green real-time PCR master mix (Toyobo, Osaka, Japan). The primers used were as follows: TET1, forward Western blot analysis. MCF-7 cells were lysed with two-fold loading buffer [20 mM of Tris-HCl (pH 7.4), 2 mM of EDTA and 1% Triton X-100] and the supernatant was subjected to western blot analysis, which was performed as previously described (25) . GAPDH was used as the loading control.
The following primary antibodies were used: anti-TET1 (Abcam, Cambridge, UK; 1:500), anti-MMP2 (Abcam; 1:400), anti-TIMP2 (Abcam; 1:500) and anti-GAPDH (Millipore, Billerica, MA, USA; 1:10,000).
shRNA and transfection. Chemically synthesized TET1 shRNA and scramble shRNA (control) were annealed and cloned into a short interfering RNA expressing vector named pSUPER (Oligoengine, Seattle, WA, USA). Control or TET1 shRNA targeted sequences were: control sh R NA 5'-GCTACGA AGCACCTCTCT TAG-3' and TET1 shRNA 5'-CGATGCAAGCCATCCTTTCGA-3'. Plasmids purified by the Qiagen purification kit were transfected into MCF-7 cells at 40-60% confluency with Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer's instructions.
Statistic analysis. SPSS 11.0 software was used for statistical analysis in the present study. The values are presented as the mean ± SD and one-way ANOVA was applied for group differences. All tests were two-sided and P<0.05 was considered to indicate a statistically significant difference.
Results
HDACi suppresses breast cancer cell invasion and regulates TIMP2/3 and MMP2/9 expression. Previously, HDACi were reported to inhibit breast cancer cell invasion (18, 26) . Prior to examining the mechanisms of HDAC in cancer invasion, the effects of TSA on cell invasion were examined by a wound-healing assay in MCF-7 breast cancer cells. Consistent with previous findings, TSA significantly suppressed cell invasion ( Fig. 1A and B ). TIMP2 and 3, the important suppressors of cancer cell invasion (27, 28) , were upregulated under the stimulation of TSA. By contrast, the expression of MMP2/9, which was correlated with clinicopathological disease variables in breast cancer (29, 30) , was increased by HDAC inhibition (Fig. 1C) . Furthermore, TSA affected MMP2 and TIMP2 expression and this was verified at the protein level Phase  40-49  50+   I  5  7  II  12  14  III  7  9  IV  3  4 ( Fig. 1D ). In addition, MMP2/9 and TIMP2/3 mRNA levels were not affected when TSA was administered to cells within 2 h (data not shown). This demonstrates that TIMP2/3 and MMP2/9 expression may be indirectly modulated by HDAC in breast cancer.
TIMP2, MMP2 and TET1 expression during breast cancer development. Coincidently, TIMPs and MMPs were revealed as downstream targets of TET1 and TET1 suppresses invasion partly through TIMP activation and MMP inhibition in prostate and breast cancer (22) . In order to investigate the correlation between TIMP2, MMP2 and TET1 in vivo, the expression of these genes in multiple breast cancer patients at different stages was examined by qRT-PCR. TIMP2 and MMP2 expression was progressively downregulated and upregulated with breast cancer development, respectively ( Fig. 2A and B ).
Consistently, TET1 mRNA level was reduced in breast cancer tissues (Fig. 2C ), which corrrelated with TIMP2 expression changes (23) . Collectively, TIMP2 and TET1 downregulation and MMP2 upregulation were correlated with breast cancer progression.
TET1 knockdown facilitates breast cancer cell invasion.
Subsequently, the present study examined whether the reduction of TET1 is functionally involved in breast cancer cell invasion. TET1 shRNA was delivered into MCF-7 cells to efficiently knockdown TET1 expression (Fig. 3A) . Then the effects of TET1 knockdown on cell invasion were analyzed and the results demonstrated that TET1 depletion by TET1 shRNA increased the cell invasion capacity (Fig. 3B and C) . Notably, TET1 knockdown resulted in a decrease in TIMP2/3 and the upregulation of MMP2/9 expression (Fig. 3D) , which 
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is opposite to the effects of TSA in MCF-7 cells (Fig. 1A) . This indicates that TET1 suppresses breast cancer cell invasion.
TSA upregulates TET1 expression in MCF-7 cells.
Given that the expression of TIMPs and MMPs was affected by HDAC inhibition and TET1, our hypothesis was that TET1 may be regulated by HDACi. As expected, TET1 expression was upregulated by TSA in a dose-dependent manner (Fig. 4A) , which was confirmed by western blot analysis (Fig. 4B) . Additionally, TET1 was responsive to short-term TSA treatment (Fig. 4C) . This suggests that TET1 may be a target of TSA in breast cancer.
TET1 knockdown impairs TSA-induced suppression of breast cancer cell invasion.
Since TET1 expression was found to be regulated by HDAC inhibition, the functional association between TSA and TET1 needed to be elucidated. In order to examine whether TET1 is able to mediate TSA induced suppression of breast cancer cells, TSA was subjected to TET1-knockdown and cell invasion was examined. It was revealed that the inhibitory effect of TSA on breast cancer cell invasion was impaired in TET1-knockdown cells when compared with control shRNA expressing cells ( Fig. 5A  and B) . Correspondingly, TSA upregulated TIMP2/3 and downregulated MMP2/9 expression, which were also impaired in TET1-knockdown cells. This indicates that TET1 partially mediates TSA induced repression of breast cancer cell invasion.
Discussion
Breast cancer is one of the most common types of cancer and has a high risk of mortality among females all over the world (31) . Therefore there is a great need for understanding 
A B C D
the molecular mechanisms underlying cancer progression and for the development of more effective therapeutic strategies for breast cancer. Carcinogenesis is able to be regulated by genetic and epigenetic alterations and epigenetic alterations are a reversible process, which makes epigenetic modifications preferable for clinical therapy (32, 33) . DNA methylation and histone modifications are the most important epigenetic mediators of transcriptional regulation and multiple HDACi are in clinical development for hematological and solid tumor treatment (34, 35) . HDACi result in the accumulation of acetylation in histones and non-histone proteins to modulate target gene expression in cancerous cells, which reactivates the expression of tumor suppressors (35) . In the present study ( Fig. 1 ) and previous studies (18, 36) , the non-competitive reversible HDACi TSA has been demonstrated to suppress breast cancer cell invasion. The limitations of HDAC inhibition in cancer therapy is the non-specificity and toxicity of the chemical inhibitors. It is important to understand the molecular mechanisms in HDACi treatment. The HDACi valproic acid (VPA) induces ERα expression in its anti-tumor effects (37) and TSA enhances the acetylation and stability of the ERα and p300 proteins that may contribute to breast cancer treatment (38) . TSA also directly upregulates p53 and RECK, which are important in tumor suppression (21, 39) .
The present study found that TIMP2/3 were increased and that MMP2/9 were decreased when treated with TSA (Fig. 1) . It has been proposed that TET1 suppresses breast cancer invasion through the activation of TIMPs and the inhibition of MMPs (22) . Additionally, TET1 and TIMP2/3 reduction was inversely correlated with MMP2/9 upregulation during breast cancer progression (Fig. 2) (23) . Notably, TET1 demonstrated similar functions in MCF-7 breast cancer cell invasion (Fig. 3) (22) . It is reasonable to postulate that TSA may inhibit breast cancer invasion through the regulation of TET1 expression. Notably, TSA promoted TET1 expression in a dose-dependent manner (Fig. 4) and TET1 partially mediated TSA elicited suppression of cell invasion (Fig. 5) , which was in accordance with our hypothesis. TET1 expression may be negatively controlled by a specific HDAC and TSA treatment releases the HDAC inhibition on TET1 expression. TET1 was found to be associated with TIMPs genes and promoter regions to regulate their DNA methylation status and transcription levels (22, 40) . Our hypothesis is that TSA may indirectly affect 5-methylcytosine hydroxylation of TIMP gene promoters through the regulation of TET1 expression, which will be investigated in our future study. There is a possibility that VPA enhances the global 5-methylcytosine level in nuclear DNA (41) .
Furthermore, the alteration in DNA methylation status is another important epigenetic modification and DNA methyltransferases (DNMTs) have become an epigenetic therapy target in various types of cancer (42). 5-azacytidine, a global DNMT inhibitor, has been approved for clinical trials against solid tumors (43) . Currently, synergistic treatment with DNMT and HDACi has been applied for producing optimal effects (41) .
As summarized in Fig. 5D , the HDACi TSA may upregulate the expression of TET1, which results in the activation of TIMPs and the inhibition of MMPs, thus, leading to the suppression of breast cancer cell invasion. The present study provides a novel molecular mechanism for HDAC inhibition in tumor suppression. This may provide insights into the role of HDACs in cancer development and epigenetic therapy. 
